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Abstract 

For more than 60 years now, the nuclear power industry has relied on structural and pressure 
retaining materials generated via established manufacturing practices such as casting, plate 
rolling-and-welding, forging, drawing, and/or extrusion. During the past three years, EPRI has 
been leading the development and introduction of another established process, powder metallurgy 
and hot Isostatic pressing (PM/HIP), for pressure retaining applications in electric power industry. 
The research includes assessment of two primary alloys: 316L stainless steel and Grade 91 creep-
strength enhanced ferritic steels, for introduction into the ASME Boiler and Pressure Vessel Code. 
Continuing DOE and EPRI research on other structural/pressure retaining alloys such as Alloy 690, 
SA 508 Class 1, Alloy 625, hard-facing materials, and others are also underway. This research will 
have a tremendous impact as we move forward over the next few decades on the selection of new 
alloys and components for advanced light water reactors and small modular reactors. Furthermore, 
fabrication of high alloy materials/components may require the use of new manufacturing 
processes to achieve acceptable properties for higher temperature applications such as those in 
Generation IV applications. Current research by EPRI and DOE will be reviewed and emphasis will 
be targeted at advanced applications where PM/HIP may be applied in the future. 

Introduction 

Powder metallurgy (PM) technology integrated with advanced modelling/design 
capabilities, and state-of-the-art hot isostatic processing (HIP) technology, can have a 
significant impact on the energy industry’s goal of increased efficiency, a reduction of 
emissions, and lower installation and operating costs. The manufacturing of large and 
complex components with PM/HIP technology can provide an alternative method to 
current processes such as forging, plate rolled and welded, and casting. Benefits of 
making near net shapes (NNS) via PM-HIP includes precise chemistry control on any 
stainless steel or nickel/cobalt alloy, increased material utilisation, elimination of welding, 
and improvement in inspectability. 

This paper is separated into four parts: 1) initial feasibility assessment – valve body 
design and production, 2) manufacture of valve bodies from 316L SS and Grade 91 Steel, 
3) DOE Nuclear Energy Enabling Technology (NEET) Project, 4) Vision for the Future. The 
first part highlights a 2010 feasibility assessment performed by EPRI to assess PM-HIP as a 
potential technology for the pressure retaining components (nuclear and fossil). The 
second part highlights the manufacture, testing, and subsequent ASME Code Case 
development for two alloys: 316L SS and Grade 91 steel. Part III reviews an ongoing DOE 
project under the NEET initiative that focuses on design, processing, manufacturing, and 
validation studies to assess PM-HIP as a viable method for the production of very large 
near-net shaped components that incorporate erosion/corrosion resistant surfaces for 
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nuclear applications. The final section of the paper provides a clear, concise vision 
regarding what developments are required to enable the PM-HIP process to be fully 
integrated into use for nuclear energy applications. 

Background 

PM technology would minimise or eliminate many of the current issues associated with 
microstructural and mechanical property uniformity, welding difficulties, heat treatment 
problems, and inspectability in large components. It would also provide an ideal path for 
manufacturing, addressing a short-term need for domestic fabrication of complex 
components. In addition, the PM technology would increase material utilisation (hence 
reducing energy utilisation on a per component basis), reduce machining operations, and 
significantly reduce manufacturing and delivery times. PM technology could allow the use of 
new alloy systems with high temperature strength, creep resistance, and corrosion/erosion 
resistance that will enable power generation systems to operate at higher temperatures 
and pressures and for longer periods of time, which will measurably increase plant 
efficiency and availability. Once accepted, PM technology would provide addition longer-
term transformation opportunities by custom tailoring alloy compositions or manufacturing 
bi-metallic components for specific applications. 

Considerable research has been completed over the last decade to characterise 
PM/HIP for potential use in nuclear applications. Specifically, Rolls Royce has produced a 
number of research papers surrounding the development of data for 316L stainless steel 
to be used in nuclear components as reported in References 1-5. Their research has 
shown that 316L SS components (thick section tees, large valves, valve seat inserts, and 
thin-walled toroids, etc.) can be effectively produced with the PM/HIP process resulting in 
high quality components with superior mechanical and microstructural properties. Rolls 
Royce has also explored the use of Inconel 600 and 690 powders for component 
manufacture as described in Reference 6. 

Carpenter Technology, in addition to supplying gas atomised powder for many 
PM/HIP applications, has evaluated consolidated PM components for properties, corrosion 
resistance, etc. manufactured from stainless steels, borated stainless steels, duplex 
stainless steels and various high temperature alloys. In all cases the PM materials met or 
exceeded the capabilities of cast or cast and wrought materials. Examples are illustrated 
in References 7-12. 

Research has also been undertaken by the VTT Technical Research Centre of Finland 
and Helsinki University [13,14]. Their research includes manufacture and assessment of 
duplex stainless steels for paper machine roll applications, nitrogen containing austenitic 
stainless steels for wear applications, 316LN austenitic stainless steels for light water 
reactor applications, and investigation of ODS alloys. 

ASTM currently recognises two standards for producing HIP alloy (ASTM A989) and 
stainless steel (ASTM A988) flanges, fittings, valves, and parts both for high temperature 
service applications [15,16]. 

Other documents will also be of considerable interest to the reader. The first 
document is an EPRI report [17] that summarises much of the research identified in this 
paper. References 18-21 provide additional background on the EPRI research conducted to 
date. The second is an introduction to PM-HIP assembled by the European Powder 
Metallurgy Association – EMPA [22]. References 17 and 22 are excellent resources for the 
reader who wants to learn more details about the PM-HIP process. 

What is powder metallurgy? 

Powder metallurgy is a forming and fabrication technique that consists of multiple stages 
which include: 1) component design, 2) manufacturing of a metallic powder normally by 
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gas atomisation, 3) loading of the powder into a can or container, 4) degassing and 
sealing the can with the contained powder, and 5) consolidation (HIP) by applying high 
temperature and pressure. HIP is a solid state diffusion process that produces fully dense 
microstructures with no porosity. 

Component design 

Component design includes creation of a 3-D model for the component. With this model, 
a can or container that replicates the final component can be produced to contain the 
powder (more on this subject below). It is also important to point out that component 
design includes alloy design. With the PM/HIP process, the manufacturer is able to target 
a specific composition wherein they may control specific elements such as boron, carbon, 
or various tramp elements.  

Powder atomisation 

Powders are routinely manufactured today through a process known as gas atomisation. 
In this process, a material is induction melted at a high temperature and forced through 
an orifice (nozzle) at moderately high pressures (Figure 1). A gas is introduced into the 
molten metal stream just as it leaves the nozzle, creating significant turbulence as the 
entrained gas expands (from heating). At this point the gas exits into a large collection 
volume outside of the orifice. The collection volume is filled with gas to promote further 
turbulence of the molten metal. Gravity or cyclonic separation is used to separate the 
resulting spherical powder particles of varying sizes and air or gas. The resulting powders 
are then screened to remove oversized particles and blended to produce a uniform 
powder size distribution for the intended use. It is important to point out that powder 
atomisation produces considerably higher quality powders than those produced through 
powder milling operations. As such, oxidation issues associated with earlier PM/HIP 
processes are significantly reduced and in many cases eliminated entirely. 

Canning or container 

The third step in the PM/HIP process is the manufacture of a can (container) which is used to 
contain the atomised powder during processing. The can is manufactured to a size slightly 
greater than the component using the 3-D component design drawings established at the 
beginning of the process. Metallic containers, usually made from thin gauge carbon steel 
which are welded together, are most often used for the production of large components. 

Powder consolidation, vacuum processing, and hot isostatic processing 

After the mold or container is completed, the powder is packed into the mold/container 
and brought to temperature under a high vacuum to consolidate and densify the powder. 
This process involves simultaneous application of high isostatic pressure and heat 
ranging from 500 to 1 200°C (900 to 2 200°F) to compress and consolidate the powder 
within the mold. The process is normally conducted under an inert gas atmosphere and 
pressures can range from 7 000 psi to 45 000 psi, with 15 000 psi being the most common. 

Why consider PM-HIP for large nuclear components? 

Large power generation components are commonly fabricated by conventional “tried-and-
true” metallurgical processing methods including: casting, rolling, drawing, forging, 
extrusion, welding, and heat treatment. These processes have been used to fabricate 
components all the way back until the early part of the 20th century. As materials processing 
practices have improved over the years, higher quality components have also resulted such 
as superclean forged rotor and disc steels, directionally solidified and single crystal blade 
alloys, controlled residual element alloys, creep-strength enhanced ferritic piping/headers, 
improved component surfacing techniques, etc. One area that has seen remarkable 
improvements in processing technology is powder metallurgy where component quality, 
availability, and size have increased dramatically within the past 25 years. 
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Powder production facilities currently exist to manufacture large quantities of powder 
for high-quality alloy steels, stainless steels and nickel base alloy parts. Hot Isostatic 
Processing (HIP) facilities are also available to manufacture large near-net shaped 
components, which have been demonstrated to a limited extent for specialised aerospace, 
oil exploration, tools, and other niche applications. High quality components showing good 
structural uniformity, no segregation, superior mechanical properties, and ease of 
inspectability have been produced from a number of stainless steels and nickel base alloys. 

Large PM produced components have not been utilised in the power generation 
industry to date primarily due to three technical barriers: 

• Materials and processes utilised to manufacture pressure retention or high-
temperature power plant components are generally subject to, in the United 
States, the ASME boiler and pressure vessel code. Until recently, ASME would not 
allow the use PM produced components for pressure retaining applications (more 
on this subject in later sections of this paper). 

• The sizes and shapes for near-net shaped components have only recently reached 
a point for consideration and have not been tailored for the compositions/alloys 
that are of most interest to the industry. 

• For iron-based steels alloy systems, the PM/HIP production route is generally more 
expensive than traditional forging and casting routes. However, for stainless 
steels and nickel-based alloys, where raw material costs are much higher, PM/HIP 
appears to be a cost effective solution. 

These barriers are slowly being overcome with focused research and effort by EPRI, 
DOE, PM-HIP vendors, equipment manufacturers, and through support by utilities. EPRI, 
in conjunction with Carpenter Technology Corporation, has set out to explore how and 
where PM technologies might be brought to the power industry. PM technologies exhibit 
several attributes that make them attractive to the power industry. These include: 

• Elimination of inspectability issues and concerns.  
• Enables manufacture of large, complex components using near-net shape 

technologies. 
• Enables new alloys systems & targeted chemistries. 
• Enhances weldability. 
• Alternate supply route for long-lead time components. 
• Elimination of re-work or repair of large cast components. 

Each of these are explored more fully in the following paragraphs. 

Inspectability 

Inspection of large cast components including pump housings, valve bodies, elbows, 
flanges, sweepolets, steam chests, turbine casing shells, nozzles, canister plugs, etc. is 
challenging due to the non-homogenous microstructure within castings. Castings can 
contain voids, pockets, segregation of tramp elements, inclusions, hot tears, secondary 
phases, non-metallic particles, among others. These irregularities in the microstructure 
make inspection of cast components difficult. The use of PM to produce alloys and 
components results in a very uniform, homogenous microstructure that is considered 
very inspectable in terms of both detection and sizing.  

Near-net shaped (NSS) components 

One of the highly desirable attributes of producing components via PM/HIP processing 
methods is the ability to produce components in a near-net shaped condition which 
required only minimal machining and clean-up. Cast components are commonly 
fabricated in an “oversized” condition to allow for irregularities that may occur along the 
length of the component. Components produced with PM/HIP can be produced very near 
final shape, resulting in reduced component weight, reduced machining, and ultimately 
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saving dollars in the overall production of the component. Production by NNS 
technologies also reduces energy and processing waste during the fabrication process. 

New alloy systems and chemistries 

Another attribute of PM/HIP processing methods is the ability to alter (or design) the 
chemistry of a specific component on a component-by-component basis. No longer will a 
melter/fabricator have to produce a large (several ton) heat of material to fabricate an 
individual component. Fabricators will now be able to produce individual components (or 
heats of material) using a specified chemistry. Furthermore, PM/HIP technologies now 
enable the production of new alloy system. For example, if one wants to control a 
particular element such as boron or carbon or a residual element such as sulfur or 
phosphorous, PM/HIP allows for specific control of one or more of these elements. 

Enhanced weldability 

Cast components are often difficult to weld due to the irregularities in microstructure of the 
component. Even within one specific alloy system (or materials specification), the weldability 
of a cast component can vary greatly. The homogeneity of PM/HIP produced alloys eliminate 
the weldability concerns almost entirely. Once a particular chemistry has been selected, it 
can readily be reproduced over and over with minimal differences in weldability. 

Alternate supply route for long-lead time components 

As we enter the era of new plant building within advanced nuclear and fossil generation, 
long lead-times are commonly encountered since only a limited number of manufacturers 
are available to produce components for the power industry. Introduction of PM/HIP 
technologies within the ASME BPV Code will allow utilities to gain improved access to 
components providing an alternate supply route for components. Manufacturing times will 
be significantly decreased and overall costs will be reduced. 

Elimination of rework or repair of large cast components 

One additional attribute of PM/HIP technology that cannot be overlooked is its ability to 
produce homogeneous microstructures which substantially reduces the number of 
repairs required in castings. In discussions with various valve manufacturers, it is not 
uncommon for large cast components to require between 10-50 percent repairs to 
eliminate casting defects depending on the casting house used. This represents 
considerable rework and overall lifecycle cost to the manufacturer, which is often not 
taken account of in the purchase of the casting. Such findings also bring into question 
the integrity of cast components which leads to overdesign in many cases. PM/HIP can 
eliminate the need for this rework.  

As can be seen from the many potential advantages/attributes described above, PM 
technologies are ripe for the power industry to consider. The feasibility study and the 
subsequent work described herein were initiated with this consideration in mind.  

Part I: Initial feasibility assessment – valve body design and production 

The initial feasibility assessment involved the production of a 316L stainless steel valve 
body. A general valve body design of a 12-inch diameter valve was provided to Carpenter 
Technology Corp. for the production of the demonstration valve. A sectional drawing of 
the valve body is provided in Figure 1.  

Upon completion of the container (or can design), the powder was introduced into the 
container and the component was HIPed. The resulting component is provided in 
Figure 2. The valve body was provided in the annealed condition and weighed 780 kg 
(1 716 lbs). Upon receipt of the valve body from Carpenter Technology Corp., EPRI 
provided the component to its inspection team for characterisation.  
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Figure 1: Sectional drawing of a 316L stainless steel valve body used 
as a demonstration piece in this feasibility assessment (dimensions in mm) 

 
Figure 2: A 780kg (1716 lbs), 316L prototype stainless steel valve body produced during 
the feasibility assessment. The valve body was sectioned along its center line to reveal 

its ability to produce a sound, dimensionally stable, component configuration 

  

Inspection 

Upon receipt of the PM manufactured valve body, the valve body was photographed and 
marked for inspection validation. The inspection assessment involved both manual and 
automated ultrasonic techniques aimed at detection and sizing of various flaws 
embedded into one of the outboard flanges. Both longitudinal and shear wave 
assessment techniques were employed using a 1.5 MHz transducer. A total of 6 flaws 
were inserted into the flange using electro-discharge machining (EDM) techniques. A 
composite of the embedded flaws is provided in Figure 3. Figure 4 pictorially shows the 
operators performing manual and automated inspection of the valve body. 

Figure 3: Inspection flaws installed at various locations 
around the diameter of the one flange from the valve body 
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The results of the inspection testing determined that the valve body was highly 
inspectable and presented no inspection challenges to the ultrasonic inspection process. 
Similar studies using these standard non-destructive evaluation (NDE) techniques on cast 
316 stainless steel have shown the material to be un-inspectable. 

Figure 4: Photographs showing manual and automated inspection 
of the valve body in process 

 

Weldability 

Another factor that was considered paramount for consideration of components 
manufactured from PM/HIP is weldability. No welding was completed on the actual valve 
body manufactured in this feasibility assessment; however, several test coupons (3 in all) 
were produced using PM/HIP to the 316L stainless steel specification. Three 12-inch 
diameter, 1 foot long 316L SS coupons were manufactured and then sectioned for 
weldability tests. Autogenous and multiple pass welds were applied to the surface of the 
coupon slices. The PM/HIP plates provided comparable welding characteristics to that of a 
typical forged stainless steel component. 

Valve body assessment – Mechanical and metallographic characterisation 

Mechanical testing and metallographic characterisation were performed upon completion 
of the inspection characterisation performed by EPRI’s NDE Center. The testing began with 
sectioning of the valve body along its center line (Figure 3). The sectioned valve body 
provides some perspective on the ability of the process to produce intricate shapes and 
configurations. It should be noted that no finish machining was performed on the part and 
that the external and internal shapes and surface finish were obtained from the PM/HIP 
process. Additional sectioning was performed to remove one of the flanges for mechanical 
testing and metallographic characterisation. 

Metallographic characterisation 

Characterisation of the microstructure was performed along three different directions to 
ascertain the uniformity in structure along all directions as shown in Figure 5. The 
homogeneity of the structure within these three directions is shown in Figures 5a through 
5c at a magnification of 200X. Note that little difference exists in the three different views 
along each of the three directions. The microstructure was predominately austenitic with 
some isolated carbides observed throughout the matrix. The grain size of the specimens 
was also recorded for each orientation. An ASTM grain size of 6-7 was measured for each 
which is consistent with that of a solution heat treated stainless steel alloy. 
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Figure 5: Photomicrographs of the valve body microstructure 
along three different directions 

 
a) 

 
b) 

 
c) 

Chemical composition 

The chemical composition was also measured and compared with the 316L ASTM 
chemistry for the alloy as shown in Table 1. Note that no attempt was made to develop a 
special, controlled chemistry as widely available atomised powders produced by 
Carpenter Technologies were utilised to produce the valve body demonstration piece. All 
of the analysed elements were well within the specification. 

Table 1. Chemical composition for the 316L stainless steel valve body 

Chemical composition analysis results -  (wt%) 

Element Valve body 316L specification 

Carbon 0.019 0.030 max 
Manganese 0.99 2.00 max 
Phosphorus 0.006 0.045 max 
Sulfur 0.005 0.030 max 
Silicon 0.73 0.75 max 
Nickel 12.10 10.00 – 14.00 
Chromium 17.25 16.00 – 18.00 
Molybdenum 2.52 2.00 – 3.00 

Mechanical testing 

Mechanical testing performed for the valve body included room temperature tensile 
tests, elevated temperature tensile tests at 316°C (600°F), and Charpy impact toughness 
tests. The tensile test results are provided in Tables 2 and 3. Note that tests were 
performed along the longitudinal and transverse directions of the valve body flange. 

Table 2: Room temperature tensile test results for the 316L stainless steel valve body 

Room temperature tensile test results 

Sample 
0.2% Offset yield 

strength (psi) 
Ultimate tensile 

strength (psi) 
Elongation 

(%) 
Reduction in area 

(%) 

A – Long 46 900 90 900 52.3 74.6 

B – Long 45 300 90 400 51.4 75.3 
C – Long 44 700 90 200 52.3 74.4 

A – Trans 49 800 90 800 50.6 74.6 

B – Trans 47 100 89 700 53.1 73.9 
C – Trans 49 000 90 600 50.4 74.0 
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Table 3: Elevated temperature, 316°C (600°F), tensile test results 
for the 316L stainless steel valve bod 

Elevated temperature 316oC (600oF) tensile test results 

Sample 
0.2% Offset yield 

strength(psi) 
Ultimate tensile 

strength(psi) 
Elongation 

(%) 
Reduction in area 

(%) 
A – Trans 30 800 71 900 42.1 72.3 
B – Trans 29 200 71 400 39.7 71.7 
C – Trans 30 100 71 300 40.7 71.4 
A – Long 29 200 71 600 40.5 73.2 
B – Long 29 700 71 300 40.9 70.7 
C – Long 29 500 71 600 41.8 72.3 

Charpy impact tests were initiated for specimens removed from the valve body 
flange. The initial test results determined the toughness to exceed 195 ft-lbs or the 
capacity of the machine. No additional testing was conducted. 

Part II: Manufacture of valve bodies from 316L SS and Grade 91 

During the latter half of 2010, and based on the promising results of the initial feasibility 
studies, EPRI initiated a more targeted research program to focus on the development of 
several additional valve bodies of varying materials to support ASME BPVC Code Cases. A 
variety of valve body configurations were manufactured from two different alloys 
including: 316L stainless steel (for nuclear applications), Grade 91 (fossil applications).  

EPRI and Carpenter elected to team with Tyco Valves to manufacture and test three 
316L SS valve bodies. The three valve bodies were manufactured to Tyco’s 
drawings/specifications which allowed them to put the valve bodies through their 
rigorous testing criteria and production machining process. A photograph of one of the 
valve bodies is provided in Figure 6. Rolls Royce also provided a Tee section 
manufactured from PM-HIP to support the Code Case development. Mechanical tests and 
metallographic characterisation were completed for each valve body/tee section and have 
been used in the assembly of a Code data package. The chemical composition and room 
and elevated temperature tensile results for one of the valve bodies are provided in 
Tables 4 and 5. Charpy impact toughness data, though not presented here, exceeded 
122 ft-lbs along three orientations for this alloy. 

Figure 6: Three 316L stainless steel valves were manufactured by Carpenter 
Technology to drawing/specifications provided by Tyco Crosby. The valve body shown 

on the left is the finished valve body. The photograph on the right shows the valve 
body after it has been sectioned into halves. 
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Table 4: Chemical composition of four S31603 (316L) manufactured components 

Heat 
S31603 (316L) 
Specification1 

814520 815111 Y1620B RR 
Size 1892 lbs 1200 lbs 1200 lbs NS2 

Product Form Valve Valve Valve Tee Piece 
C 0.030 max 0.013 0.021 0.004 0.022 

Mn 2.00 max 0.90 0.95 1.41 1.76 
P 0.045 max 0.014 0.009 0.005 0.016 
S 0.030 max 0.003 0.004 0.005 0.006 
Si 1.00 max 0.70 0.80 0.55 0.32 
Ni 10.0-14.0 12.1 13.2 13.3 12.10 
Cr 16.0-18.0 17.3 17.3 16.87 17.80 
Mo 2.0-3.0 2.55 2.50 2.37 2.50 
N 0.10 max 

   
0.090 

Others N/A O: 0.010 N/A N/A 
O: 0.0140 
Cu: 0.020 
Co: 0.040 

1. Specification = ASTM A988/A988M 
2. NS = Not Specified 

In parallel, EPRI and Carpenter also initiated production of three Grade 91 valve 
bodies in conjunction with another major valve manufacturer, GE-Dresser. Teaming with 
GE-Dresser allowed for component testing and production machining characterisation in 
a similar manner that would be employed for actual valve production. A photograph of 
one of the valve bodies is shown in Figure 7. Chemistry data for the three valve bodies is 
provided in Table 6 and compared directly with the UNS and EPRI specifications for 
Grade 91 materials. 

Table 5: Elevated temperature, tensile test results for one 316L stainless steel valve 
body manufactured during this project 

Temp. 
(°F) 

Temp. 
(°C) 

TS 
(ksi) 

TS 
(MPa) 

YS 
(ksi) 

YS 
(MPa) 

Elong. in 4D 
(%) 

ROA 
(%) 

70 21.1 93.4 644.1 47.4 326.9 50.5 73.5 
100 37.8 90.4 623.4 46.1 317.9 54.5 75.0 
200 93.3 84.5 582.8 41.7 287.6 46.5 74.5 
300 148.9 79.2 546.2 36.6 252.4 46.5 73.0 
400 204.4 76.9 530.3 37.3 257.2 45.0 70.5 
500 260.0 75.5 520.7 33.6 231.7 45.0 71.5 
600 315.6 75.0 517.2 31.1 214.5 44.5 70.5 
700 371.1 74.8 515.9 30.8 212.4 41.5 66.5 
800 426.7 74.5 513.7 28.5 196.5 44.5 66.0 
900 482.2 73.0 503.3 27.8 191.7 44.5 67.5 

1 000 537.8 72.6 500.6 26.0 179.3 46.5 66.0 

Tensile, yield, elongation and reduction of area plots for the three valve bodies up to 
1 300F (704C) are provided in Figures 8-10. The data is plotted against ORNL Report 6303 
minimum data. Additionally, creep rupture data was obtained for the three valve bodies 
and is presented in Figure 11. The data has been plotted against the large industry database 
on Grade 91 rupture. Two different tempering heat treatments were applied, one at the 
upper end (1 430°F (777°C)/4.5 hrs of the tempering range and a second near the optimum 
tempering temperature range (1 375°F (746°C)/4.5 hrs). The lower temperature produced 
improved long-term rupture properties over the higher temperature tests as one would 
expect. As of September 2013, both ASME BPVC Code Cases have been approved and should 
be available for use by January 2014. 
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Figure 7: Three Grade 91 alloy steel valves (such as the one on the left) were 
manufactured by Carpenter Technology to drawing/specifications provided by Dresser. 
The figure on the right shows a Grade 91 valve body that is sectioned into two halves. 

 
Table 6: Chemical composition of K90901 (Grade 91) PM/HIP manufactured components  

Heat 
Grade 91 Specification Y1549B Y1550B Y1551B 

UNS K90901 
[1] 

EPRI 
[2] 

Cert 
Ind. 

Analysis 
Cert 

Ind. 
Analysis 

Cert 
Ind. 

Analysis 
CA,2 0.08-0.12 0.09 0.11 0.08 0.10 0.09 0.11 
Mn 0.30-0.60 0.44 0.46 0.44 0.46 0.42 0.45 
P 0.020 max. 0.002 0.002 0.006 0.01 0.003 0.008 
S 0.010 max. 0.009 0.007 0.008 0.007 0.008 0.007 
Si 0.20-0.50 0.20 0.30 0.24 0.36 0.22 0.33 
CrB,2 8.0-9.5 8.88 8.99 8.42 8.81 8.12 8.46 
Mo 0.85-1.05 0.93 0.92 0.88 0.88 0.96 0.90 
V 0.18-0.25 0.25 0.25 0.25 0.25 0.22 0.23 
Cb 0.06-0.10 0.08 0.08 0.08 0.08 0.07 0.08 
Ni 0.40 max 0.20 max 0.08 0.08 0.08 0.08 0.09 0.08 
NA 0.030-0.070 0.035-0.070 0.04 0.0428 0.04 0.0397 0.04 0.0416 
Al 0.040 max. 0.020 max. <0.01 <0.002 <0.01 <0.002 <0.01 <0.002 
Ti  0.010 max. <0.01 0.002 <0.01 <0.002 <0.01 <0.002 
Cu,2  0.25 max.  0.03  0.03  0.03 
N/Al Ratio 4.0 min.  >21.4  >19.85  >20.8 
Calculated A1 (ORNL Equation),°C 815.3 814.5 814.6 815.5 813.5 813.4 
Calculated A1 (ORNL Equation), °F 1 499.5 1498.0 1498.4 1499.8 1496.3 1496.1 
Calculated A1 (OSU Equation),°C 809.9 806.5 817.1 810.5 819.7 818.0 
Calculated A1 (OSU Equation), °F 1 489.8 1483.7 1502.7 1490.9 1507.5 1504.4 

A. Carbon + Nitrogen > 0.12 
B. For tubing, the minimum Cr level should be 8.5% for additional corrosion resistance.  
1. Specification = ASTM A989/A989M-07 
2. Guidelines and Specifications for High-Reliability Fossil Power Plants: Best Practice Guideline for 

Manufacturing and Construction of Grade 91 Steel Components. EPRI, Palo Alto, CA: 2011. 1023199. 
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Figure 8: Elevated temperature, tensile test results 
for 3 Grade 91 valve bodies manufactured in this project 

 

Figure 9: Elevated temperature, yield strength test results 
for three Grade 91 valve bodies manufactured during this project 
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Figure 10: Elevated temperature, elongation and reduction of area test results 
for three Grade 91 valve bodies manufactured during this project 

 
Figure 11: LMP Comparison of heat treatments 

between tempering at 1 430°°°°F (777°°°°C)/4.5h (Heats Y1549B and Y1551B) and 
tempering at 1 375°°°°F (746°°°°C)/4.5h (Heat Y1550B) 

 

Part III: DOE nuclear energy enabling technology (NEET) project 

The research described above provided an excellent platform to launch a project with 
DOE aimed at developing and demonstrating near-net shaped components for ALWR and 
SMR nuclear applications. Specifically the project, DE-NE0000544, was initiated (beginning 
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October 2012) to conduct the necessary design, processing, manufacturing, and validation 
studies to assess PM-HIP as a method to produce very large NNS components with 
erosion/corrosion resistant surfaces for use in nuclear and other electrical power 
generation equipment. The project is focusing on three different families of alloys: low 
alloy pressure vessel steels, austenitic stainless steels, and nickel-based vessel internals 
alloys. Key investigators include: EPRI, Carpenter Technology, GE-Hitachi, and Ohio State 
University. The following provides a brief outline of the project. 

• Modelling of NNS component alloy and mold/can design. 
• Test coupon development, demonstration, and screening for surfacing applications. 
• Low alloy steel PM/HIP component development. 
• Nickel-based alloy (Alloy X-750)PM/HIP component development.  
• Austentic stainless steel PM/HIP development.  
• Mechanical and metallographic characterisation. 
• Corrosion testing of test coupons. 

During the first year of the project, the team has been focusing on Tasks 1-3 and 6. 

Task 1 is currently focused toward development of a can (container) for manufacture 
of a BWR-2 N-4 Feedwater Nozzle. The nozzle diameter is 36 inches with a 16-inch bore 
and a total weight approaching 2 500 lbs once completed. Modelling and can design have 
been initiated by Carpenter with the anticipation that the nozzle will be manufactured 
during the fall 2013. Production of the large nozzle will demonstrate capabilities to 
produce very large ferritic RPV materials with good properties (more on this subject 
below under Task 3). 

Under Task 2, down-selection of three hard-facing alloys for application to the inlet 
mixer has been made and hard-facing alloys NOREM 02, Tristelle 5183, and EPRI H’ (a test 
alloy) have been applied (via PM/HIP) to test blocks (under Task 2). Additional testing will 
be completed prior to actual application of either of these alloys to the 316L SS diffuser 
and tail pipe (scheduled for year 2 of the project).  

Task 3 of the DOE project is looking to produce the large low alloy steel nozzle 
described in Task 1 via the PM-HIP process. To accomplish this, three thick section 
8.5”×8.5”×25” coupons have been produced (via PM-HIP) to the chemistry specification of 
SA508 Grade 3, Class 1 material. A CERT for an actual RPV heat of material was obtained 
and used for guidance. Three separate PM heats (Table 7) were produced by Carpenter 
during the first quarter to:  

• Meet a chemistry close to the CERT material chemistry resulting in a hardenability 
(carbon equivalent) of approximately CE=0.60. 

• Heat chemistries were produced with CE’s of 0.55, 0.62, and 0.69. The chemistries 
represent a low, medium, and a high hardenability ranges for the SA508 steel. 

The three powder chemistries were processed via HIP at 2050F and 15 ksi pressure. 
The resulting coupons were sectioned, heat treated (normalised and tempered), and 
metallography and mechanical testing evaluation were performed.  

A total of nine test plates 8”×2.5”×1.5” have been heat treated under various 
conditions to establish the appropriate tempering conditions for the three powders 
(heats). The entire batch was first austenitised (2 050°F for 4 hours and gas quenched) and 
then normalised (1 650°F for 10 hours and gas quenched). Tempering conditions include 
1 175°F, 1 200°F, and 1 225°F for 4, 10, and 20 hours each (a total of nine conditions). 
Mechanical properties obtained include tensile, hardness, and toughness and were 
compared with CERT and SA508 Grade 3, Class 1 properties. The results will be used to 
steer the investigators toward the right chemistry and HT for production of the low alloy 
steel nozzle and RPV curved plate section which is scheduled for late fall.  
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Table 7: Projected chemistries for 3 low alloy steel PM-HIP heats 

 
Test results from the nine test plates suggest that PM-HIP is capable of producing 

acceptable tensile, hardness, and toughness properties. Key results are summarised below: 

• Ultimate tensile values ranged from 85-110 ksi across all three heats of material for 
each of three tempering conditions. Note: The SA508 specification calls for the alloy 
to meet 80-105 ksi. Only one tempering condition produced tensile values above the 
105 ksi maximum value, whereas all others met the 80-105 ksi specification. 

• Yield strength values ranged from 67-92 ksi across all three heats of material for 
each of the tempering conditions. Note: The SA508 specification calls for 50 ksi 
minimum.  

• Excellent ductility was demonstrated across all three heats of material across all 
tempering conditions employed in this study with elongation values ranging from 
22-30% and reduction in area ranging from 67-77%. These values easily exceeded the 
18% (min) elongation and 38% (min) reduction in area from the SA 508 specification. 

• All toughness tests performed exceed the minimum ASME specification 
requirements at +40°F (30 ft-lbs) by at least 2X. In most cases tested, test values 
exceeded the minimum by 4X or more. 

• The low hardenability (CE) test coupons (HT 160116) produced better Charpy impact 
toughness results when compared to the medium and high hardenability coupons. 

• At the +40°F reference test temperature, HT 160116 tempered at 1 200°F produced 
toughness values exceeding 133 ft-lbs for both the 10 and 20 hour tempering times. 
These results easily exceeded the ASME specification by 4-5X.  

Again, the test plate results are to be used to provide critical processing information 
and data for manufacture of the nozzle and arc RPV section later in 2013. 

Task 4 of the project will target the manufacture of a high strength nickel based alloy 
such as X-750 used for a BWR jet pump beam assembly, while Task 5 plans to target an 
inlet mixer assembly. Both components require critical tolerances and considerable 
machining, which make them ideal for use in the current EPRI-DOE project. Mechanical 
and corrosion testing are to be performed in Tasks 6 and 7 respectively to validate 
properties of the PM-HIP produced NNS components. 
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Part IV: Vision for the future 

As described in the first three sections of this report, considerable R&D has already been 
performed (or is underway) to bring PM-HIP to the power industry for pressure retaining 
applications. Additional research remains however to fully integrate PM-HIP technology 
into commercial nuclear applications. This section seeks to identify specific alloys of 
interest to the nuclear power industry, various components/applications where PM-HIP 
might be employed, identify PM-HIP equipment and ancillary needs, and describe the DOE 
R&D Roadmap initiatives on Advanced Manufacturing. Most importantly, it describes the 
Vision and Requirements to fully bring PM-HIP to the power industry as a viable technology 
for the manufacture of large, NNS components (including RPV nozzles and ring sections). 

Alloys of interest to the Electric Power Industry 

The common alloys of interest from a PM-HIP perspective are listed below. Development 
is underway for several of these alloys either through the current DOE project (described 
above), EPRI research, or through major OEMs such as Rolls Royce, GEH, Areva. This list 
provides a reasonable view of the alloys which will require further development before 
being used in a nuclear plant however. 

• ??? 
• 304L and 316L SS 
• IN625 and IN 690 
• SA508 Class 1, Grade 3 
• Grade 91 
• Hard-facing materials – cobalt free 

• Corrosion resistant cladding 
• HTGR applications – IN282 and IN740 
• Si-carbide materials 
• Oxide dispersion strengthened (ODS) 

alloys 

Applications/Components 

Two of the key attributes (as described earlier in the report) of PM-HIP for the nuclear 
power industry are improved inspectability and the ability to produce a component as near 
net-shaped (NNS) component. Replacement of castings for certain applications with PM-
HIP components will dramatically improve the inspectability. Fabrication of complex parts 
via PM-HIP can eliminate significant machining time and labour. A number of key 
components/applications were discussed in the section on “Why Consider PM-HIP for Large 
Nuclear Components”. A somewhat more comprehensive list of applications/components 
is provided below to spur thought: 

Reactor Pressure Vessel 
and Outside the RPV 
• Valve bodies, valve seats & stems. 
• Pump housings. 
• Turbine blade leading edges. 
• Reactor pressure vessels & nozzles. 
• Nozzle-to-safe-ends. 
• Small modular reactor vessels. 
• Turbine rotors, discs, and casings. 
• Functionally graded alloys. 
• Elimination of dissimilar metal welds. 

 
RPV Internals 
• Control rod drive tubes. 
• Fuel channels from sic. 
• Tube sheets. 
• Corrosion resistant claddings. 
• Fuel support bowls/castings. 
• Jet pump beams. 
• Shroud supports. 
• Chimney partitions. 
• Inlet mixer assemblies. 

Equipment and ancillary needs 

The third area where additional effort is required is focused toward capacity and 
equipment size. Several powder production facilities exist around the world for 
production of atomised powders; however, if industry begins to build a large number of 
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nuclear facilities, the powder production capacity will be easily exceeded. New powder 
production facilities will be required to meet new demand. A few of the key atomised 
powder producers include: 

• Bohler Edelstahl. 
• Carpenter Powder Products. 
• Erasteel. 

• Metso. 
• Sandvik Powdermet AB. 
• Kennametal. 

Additionally, there are a limited number of HIP units currently available to industry. 
Those known to the author are provided in Table 8. As can be seen, the maximum HIP 
unit size is limited to 81 in × 164 in (2 m×4.2 m); thus production of larger components 
(RPV sections, nozzles, rotors, support plates, etc) is severely restricted at present. 
Production of larger components will require larger HIP units on the order of 12-15 ft 
(3.6-4.6 m) in diameter. As the nuclear industry begins to further embrace PM-HIP and 
understand its capabilities, larger units are certain to follow. 

Table 8: Large Commercial HIP units in the world 

Company HIP unit size (diameter × length in inches) Country 

Kinzaku Giken  81×164 Japan 
BodyCote  71×130 Sweden 
BodyCote  58×146 Sweden 
BodyCote  66×100 United States 
BodyCote  49×98 United Kingdom 
ATI  51×115 United States 
Alcoa Howmet  59×80 United States 
Alcoa Howmet  42×97 United States 
Kittyhawk  47×79 United States 
Avure (MegaHIP)  124×197 (proposed) Proposed 

DOE advanced manufacturing methods (AMM) for nuclear energy roadmap 

The DOE Advanced Manufacturing Methods for Nuclear Energy Roadmap defines six key 
enabling manufacturing technologies for nuclear energy including: 1) Factory and field 
fabrication, 2) Life cycle engineering, 3) Welding and additive manufacturing, 4) Concrete 
and rebar innovations, 5), Coatings and cladding, and 6) Heavy section manufacturing. 
under the heavy section manufacturing area, PM-HIP is highlighted as the key production 
technology that DOE will focus on to reestablish the U.S. manufacturing capability toward 
production of large nuclear components. The technology is described as a 
“transformational technology” that would enable the U.S. to meet virtually all of the 
heavy section manufacturing demands for SMRs and ALWRs, while providing an avenue 
for the U.S. to once again compete internationally in heavy section manufacture. The 
transformation will move the industry away from conventional forging, casting, and 
rolled-and-welded technologies to focus on the PM-HIP process. 

Specific priorities identified within the heavy section manufacturing portion of the 
Roadmap include:  

• Development and approval of a technical position that allows welds in vessels 
outside of the beltline region. The EPRI utilities requirements document will need 
to be amended to accept this position. 

• Develop/Demonstrate Nozzle manufacturing capabilities. 
• Develop/Demonstrate PM-HIP for large plate (Ring Sections) manufacturing 

capabilities. 
• Manufacture vessel internals via nickel-based alloys. 
• Install/Commission a 15 foot diameter HIP Unit. 
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EPRI and DOE are currently working on all of these priorities within the current NEET 
project (described in Part III of this paper), with the exception of the fifth item. The current 
schedule calls for each of the first four items to be completed by the end of 2015. Successful 
development and demonstration around the first four priorities will provide industry with 
the background, knowledge, and data to successfully focus on the last priority. 

The last priority will require industry partnership with DOE and EPRI to facilitate 
installation and commissioning of a large HIP unit. It is believed the installation of PM-
HIP capabilities within the United States could be established for $75-$100M, which is 
several orders of magnitude (3-5% of total) less than re-establishing heavy section forging 
capabilities ($2B range). An increase in powder capacity would easily be absorbed by 
industry if the demand was there for powder. The real costs would be in the design and 
commissioning a new HIP vessel (estimated at $50-60M). 

Summary 

The PM-HIP technique is targeted at components currently manufactured using various 
casting, rolled-and-welded, and forging methods employed by industry. Attributes of the 
PM-HIP process that make it attractive to the power industry include: 

• Elimination of inspectability issues and concerns.  
• Enables manufacture of large, complex components using near-net shape 

technologies. 
• Enables new alloys systems & targeted chemistries. 
• Enhances weldability. 
• Alternate supply route for long-lead time components. 
• Elimination of re-work or repair of large cast components. 

The research described in this paper has reviewed the development of two ASME 
Boiler and Pressure Vessel PM-HIP Code Cases, one for Grade 91 and one for Type 316L 
stainless steel, along with the supporting data packages required by ASME for each. The 
research has demonstrated the capability of PM-HIP to produce large, near-net shaped, 
complex components with superior hardness, tensile, creep, and toughness properties for 
use in the power industry.  

The paper has also highlighted DOE/EPRI research now entering its second year of a 
3-year project which was initiated to conduct the necessary design, processing, 
manufacturing, and validation studies to assess PM-HIP as a method to produce large 
NNS components with erosion/corrosion resistant surfaces for use in nuclear power 
generation equipment. The research is focusing on three different families of alloys: low 
alloy pressure vessel steels, austenitic stainless steels, and nickel-based vessel internals. 

Lastly, a clear, concise vision of what developments are required to enable the PM-HIP 
process to be fully integrated into use for nuclear energy applications within the United 
States is identified. 
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